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EXTRACTION OF LOW-RANK COALS WITH SUPERCRITICAL WATER
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Abstract

Supercri tical water extractiors were performmed on low-rank coals utilizing a
semicontinuous supercritical solvent extraction system. Percent conversions ranged
fram 40% to 50% while extract yields ranged fram 10% to 30% at 380°C. The
conversions and extract yields increased with increasing operating temperature and
pressure. The conversions also decreased with increasing coal rank and correlated
well with the percent volatile matter in the coals.

Organic analyses of the resulting extracts have included separations into
pentane, methylene chloride and methanol soluble fractions by short column
chranatography, 200 MHz proton MNMR, IR spectroscopy and capillary gas
chromatography. Proximate and ultimate analyses indicated that supercritical water
extracts the volatile, hydrogen-rich fraction of the coal. Organic analyses show
that the extract is highly polar in nature with significant quantities of phenols
and long-chain aliphatic fatty acids.

Introduction

Interest in the extraction of solutes with supercritical solvents has been
increasing rapidly over the past fifteen years. This interest is primarily due to
the enhanced solubility of substrates in the fluid phase that occurs at or above the
critical point. It has only been in the last few years that considerable research
has addressed the use of supercritical water as a solvent suitable for obtaining
high ylelds of environmentally acceptable fuels and chemical feedstocks fram coal
(1, 2, 3). Under ambient conditions, organics and water are generally immiscible.
However, as water approaches its critical point, the solubility of organics in water
increases drastically (4, 5) while the solubility of inorganics in water
substanti ally decreases (6). These solubility changes contribute to the potential
of supercritical water to obtain high yields of relatively ash-free hydrocarbons
from coal. In addition, other investigations have shown the potential for
increasing supercritical water yields even further through the addition of a
reducing agent such as CO or HpS to the supercritical water system (7, 8, 9).

The objective of this research was to investigate the use of water as a cheap
supercritical extraction solvent for obtaining environmentally acceptable liquid
fuels and chemical feedstocks fram coal and attempt to use supercritical solvent
extraction as a means for determining the composition of various molecular fractions
present in low-rank coals.

Experimental Procedure

Supercritical water extractions were performed using a semicontinuous extraction
system in which deionized water under supercritical conditions was passed through a
fixed bed of coal. The coals used in this experiments included the Indian Head,
Center, and Martin Lake Tlignites along with Sarpy Creek and Wyodak subbituminaus
coals. Proximate and ultimate analyses for these coals are shown in Table I. As
shown in Table I, there was a difference between the beginning and ending samples of
the Indian Head lignite used in these experiments. Figure 1 is a flowsheet of the
supercritical solvent extraction system as it was used for most of the supercritical
water experiments. In this system, a fixed bed of coal was detained by sintered
metal frits in a horfizontal section of high pressure tubing. A rehabilitated GC
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oven was used to heat the solvent and extraction vessel to temperature at 20°C/min.,
after which a pulseless flow of solvent was started through the system. The
extracted organics and solvent then passed through a back pressure regulator where
the precipitated extract was collected in a heated sample cylinder while the
vaporous solvent and light gases were collected in chilled sample vessels. The
volume of noncondensable product gas was measured and collected for analysis.

Analytical Procedure

After each experiment, any water remaining in the extract sample cylinder was
filtered from the solid extract and selected samples of the recovered water solvent
were analyzed by gas chromatography for their concentrations of water soluble
organics, The solid extract was washed fram the sample cylinder with acetone and
the extracted coal residue and solvent-extract mixture were then rotary vacuum
distilled to remove the solvent. This procedure allowed a relatively moisture-free
product to be obtained for material balance purposes. Residues were analyzed by
thermogravimetric analysis (TGA) and proximate and ultimate analyses were performed
on selected samples.

Discussion and Results

The operating conditiors and the corresponding results of these supercritical
water extractions are shown in Tables II and [I1. The effect of extraction time on
percent conversioms is shown in Figure 2. This figure indicates that the percent
conversions increase linearly with an increase in coal residence time up to
approximately 45 minutes after which the conversioms leveled off at ~42% to 43%.
A vacuum dried sample (0.65 wt% moisture) was also extracted for 60 minutes with
supercritical water at similar operating conditions and resulted in a 33.5%
conversion. This lower conversion was due to a sample size effect since drying the
coal resulted in a 60% larger sample of maf coal being extracted. A conversion of
44.,2% was obtained for a separate run using a vacuum dried coal at longer residence
times which indicated that no advantage resulted in extracting "as received" coals
with their inherent moisture already present in the sample's porous structure.
Also, considering that a 33% larger sample of maf coal was being extracted, the
slightly higher conversions obtained for the supercritical water experiment
performed at a flow rate of 240 cc/hr suggests that an increase in the solvent flow
rate increased the rate of extraction.

The effects of operating temperature and pressure on the resulting conversions
was investigated using operating temperatures of 380°C or 440°C (Tr = 1.01 or 1.10)
while the operating pressures used were 3265, 4013, or 4815 psia (Pr = 1.02, 1.25,
1.,50). Results of these experiments are summarized in Table II. Figure 3 is a plot
of the reduced pressure versus the percent conversion at both operating
temperatures. This figure indicates that a small increase in the conversions was
obtained with an increase in the operating temperature. The conversion also
displayed a larger increase with increasing pressure up to 4000 psia. Above 4000
psia, there appeared to be no effect on the resulting conversions. This increase in
conversions is the result of a large increase in solvent density caused by the
increased pressure. The increase in conversion with higher temperature was the
result increasing thermal decamposition or reactions of the 1lignite in this
temperature region. The product gas campositions and yields appeared to be only
temperature and coal dependent and were not affected to any large degree by
operating pressure or solvent flow rate.

Table IIl shows the effect coal rank had on the percent conversion obtained
using supercritical water at 380°C and pressures of either 3265 or 4013 psia. For
comparison purposes, supercritical water experiments were also performed on a Red
Lake Peat and a biomass sample and the results are also displayed in Table III.
These results suggest that there is a high degree of correlation between the percent
conversions obtained using supercritical water and the amount of volatile matter
present in the starting coal. This finding is consistent with results reported by
Great Britain's National Coal Board in which percent conversions using supercritical
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toluene also correlated well with volatile matter of the original coal (10). As a
result, the conversions decreased with an increase in coal rank. This increase in
conversions which occurred is the result of the increased concentration of thermally
laible carbohydrate, lignin or lignin-derived components which exist in the lignite,
peat, and biomass.

Supercritical water extractions of the Indi an Head 1lithotypes; vitrain, durain,
and fusain were performed. Approximately 12 to 15 grams of each lithotype were
microscopically separated. The conversions obtained for the vitrain and durain
fractions (which make up approximately 50 and 45 wt% of the original Indian Head)
were found to be similar to those obtained using the original Indian Head lignite as
shown in Table III. Table III also shows that the conversion of the fusain portion
(+5% of the original Indian Head) was significantly less than that for the original
lignite. These results agree with other reported results in which vitrains and
duraims have been found to be highly susceptible to liquefaction, (i.e., susceptible
to thermal cleavage and reaction with hydrogen) while fusain has been found to
behave as more of an inert material (11)., The yield of water-soluble organics from
these lithotypes and the original lignite are shown in Table IV. As shown, the
vitrain fraction contains considerably more of the oxygenated water-soluble volatile
compounds (i.e., acetone, methanol, and phenol) than the original Indian Head, while
the durain fraction contaims slightly less of these campounds than the original
lignite. The concentrations of these compounds in the fusain fraction were very
small compared to that of the original lignite.

TABLE 1V, Percent Yield of Volatile Components Found in Recovered Supercritical
Water Solvent

Supercritical Water Extraction

Indi an Indi an Indi an
Indi an Sarpy He ad Head Head
Component Head 2 Creek Vitrain Durain Fusain
Phenol 0.63 0.21 1.14 0.48 0.14
0-Cresol 0.17 0.06 0.20 0.10 0.05
m,p-Cresol 0.17 0.13 0.22 0.18 0.05
Total Phenolics 0.97 0.40 1.56 0.76 0.24
Met hanol 0.80 0.04 1.32 0.22 --
Acetone 0.91 0.42 3.93 0.70 0.15
MEK 0.25 0.10 0.12 0.14 0.05
Total 2.93 0.96 6.93 1.82 0.44

As shown in Table III, a special experiment was performed using a 90-10 mole%
mixture of water-carbon mnoxide to extract Indian Head lignite at 383°C and 3300
psia. The purpose of this experiment was to detemmine what effects the addition of
a reducing gas such as CO has on the molecular composition of the extract. The
conversion and yields obtained were similiar to those obtained for an experiment
using pure water under similar conditions.

Results Fram Analysis of Supercritical Water Residues and Extracts

Proximate and ultimate analyses of selected residues and extracts from
supercritical water and the original Indian Head are shown in Table V. The
proximate analysis indicates that the supercritical water extract contaims a
significantly higher fraction of volatile matter while the residue contains a
significantly Tower fraction of volatile matter than the original Indian Head. The
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ultimate analysis shows that the extract had a lower C/H ratio than the original
Indian Head whereas the residue had a higher C/H ratio than the original Indian
Head. These analyses indicate that the hydrogen-rich, lower molecular weight
portion of the 1lignite is being extracted while leaving a highly carbonaceous
residue.

The analyses also indicate that the mineral matter is concentrated in the
residue while a relatively ash-free extract is obtained. Table V compares the
proximate and ultimate analyses of the residues and extracts for runs using
supercritical water and the supercritical water-CO mixture. The C/H ratio is
substantially lower for the run using the Hy0-CO mixture which suggests the possible
addition of Hy, which was generated by the water-gas shift reaction, to the extract.

Thermogravimetric analyses were performed in argon on samples of the original
coal and supercritical water residues using a heating rate of 20°C/min, and a final
temperature of 900°C. The weight-temperature profiles indicated that 20 wt% of the
supercritical residues were volatilized while approximately 41% of the original coal
would volatilize under the same conditions. The differential weight loss curves for
two supercritical water residues and the original Indian Head lignite are shown in
Figure 4. This figure indicates that supercritical water has extracted most of the
compounds which would devolatilize below ~550°C, thus, concentrating the higher
molecular weight material in the residue which results in the higher differential
weight Toss curve at temperatures above 550°C.

Analysis of a supercritical water extract was carried out using chramatographic
separations, infrared (IR), and nuclear magnetic resonance (NMR) spectroscopy. The
extract was separated into three fractions by short column chramatography on silica
gel. The first fraction was separated by successive elution with pentane and then
isooctane. This fraction was found to make up approximately 5% of the extract and
the NMR spectra showed that this fraction consisted only of aliphatic materials.
This fraction was analyzed by capillary column gas chramatography and was found to
contain a series of alkanes and alkenes in the range of C-18 to C-34. The presence
of the alkenes indicates that thermal cracking is occurring but the relative amounts
of the alkanes alternate as the carbon chain increases in the series, which suggest
that the cracking was minimal, perhaps confined to reactions near the acid or ester
function. Also, the predominance of the odd-number chains and the high
concentration of €O, in the product gas indicate that a significant amount of
decarboxylation was occurring,

The second fraction was separated by elution with methylene chloride and was
found to make approximately 26% of the extract. Some identified individual
hydrocarbons include phenanthrene, fluorene, anthracene, pyrene, benzofluorenes, and
fluoranthene, The NMR spectrum shown in Figure 5 also suggests the possible
nresence of ester groups between 3.8 and 4.0 ppm. The last fraction was obtained by
elution with methanol and was found to make up the majority (~69-70%) of the
extract. The NMR and IR spectra on this fraction indicate the presence of phenolics
and long chain aliphatic acids.

Table VI shows some of the individual coal-derived campounds which have been
identified and their approximate yields. These yields indicates that the identified
phenolics comstituted a small fraction (fram ~2.9% to 0.8%) of the supercritical
water extracts. The dependence of phenol yields in the extract on coal type is
noticeable with the Wyodak subbituminous coal generally yielding higher
concentrations of phenols in the extract. The distribution of the individual
phenols is essentially identical for the three coals, indicating that they originate
from the same type of substructure in the coal and that the reactions which release
them during supercritical water extraction must be identical. Thus, the ratio of
the phenol yields in the three coals must result fram different amounts of the
substructure in the coals (probably in the same ratio).
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TABLE VI. Identification and Determination of Yields for Individual Compounds
in Supercritical Water Extracts Obtained at 380°C and 4013 psia

Indi an Head Wyodak Martin Lake
% Yields (mef) % Yields (mef) % Yield (mcf)
In In In In In In

Compound Extract Water Extract Water Extract Water
Methanol ND 0.649 tn 0.113 ND 0.421
Acetone ND 0.607 ND 0.538 ND 0.568
Acetoni trile ND 0.001 ND 0.001 ND 0.005
Methyl Ethyl Ketone ND 0.160 ND 0.170 ND 0.176
Propionitrile ND 0.034 ND 0.005 ND 0.020
Catechol ND 0.202 ND 0.151 ND 0.157
Phenol 0.028 0.362 0.075 0.340 0.026 0.167
o-cresol 0.022 0.101 0.062 0.104 0.020 0.049
m-cresol 0.030 0.110 0.067 0.094 0.024 0.049
p-cresol 0.030 0.118 0.007 0.122 0.022 0.059
2,6-diMePhe 0.002 ND 0.034 ND + ND
2-EtPhe 0.002 ND 0.045 ND 0.010 ND
2,4-diMePhe 0.013 ND 0.045 ND 0.017 ND
2,5-diMePhe 0.019 ND 0.018 ND 0.006 ND
2,3-diMePhe 0.009 ND 0.018 ND 0.006 ND
4-McGuaigcol 0.010 ND 0.003 ND 0 ND
2,4,6-triMePhe 0.007 ND 0+ ND + ND
2,3,6-triMePhe 0.001 ND 0.003 ND 0 ND
2,4,5-triMePhe 0.004 ND 0.006 ND 0.020 ND

4-Indanol + ND 0.007 ND 0 ND

5-Indanol 0.009 ND 0.012 ND 0.012 ND
2,3,5,6-tetraMePhe 0.001 ND 0.003 ND + ND

1-Napthol 0.002 ND 0.006 ND + ND

2-Napthol 0,009 ND 0.018 ND 0.012 ND
Total 0.198 2.343 0.426 1.638 0.155 1,670
+ - trace
ND - not detected
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